I. INTRODUCTION
Simple as well as novel methods of synthesis and optical characterization of luminescing rare earth ͑RE͒ ions doped into nanocrystalline hosts have led to the increasing use of these nanocrystals in numerous applications. [1] [2] [3] When excited by a common excitation source, RE 3+ :Y 2 O 3 and RE 3+ :Gd 2 O 3 have demonstrated their value in multiwavelength immunoassay analysis. 4, 5 The use of nanocrystalline RE doped oxides, in particular, near infrared ͑NIR͒ emitting particles, has the potential to become useful luminophores for medical and biological applications including optical based immunoassays and imaging.
It has been demonstrated that trivalent holmium ions can produce stimulated emission at wavelengths in the NIR region of the spectrum. 6, 7 Johnson and Guggenheim 8 and Pollack et al. 9 showed that, when codoped with ytterbium, holmium can convert infrared radiation into visible emission in the green region of the spectrum efficiently enough for stimulated emission to occur. According to Gilliland et al., 10 holmium can produce stimulated emission at 2.9 m when codoped with ytterbium, and the efficiency of laser action can be significantly increased by pumping into an Yb 3+ absorption band around 960 nm using a diode laser. Capobianco et al. 11 
II. MATERIALS AND METHODS

Nanocrystals of Ho
3+ :Y 2 O 3 were prepared by a slow precipitation method from a homogeneous solution of dissolved HoCl 3 and YCl 3 and urea. The details on synthesis of Ho 3+ :Y 2 O 3 nanocrystals can be found in Refs. 13 and 14. Resulting powders were analyzed by x-ray diffraction to confirm the crystalline structure; particle morphology was investigated by scanning transmission electron microscopy ͑STEM͒, as shown in Fig. 1 . The Ho 3+ :Y 2 O 3 particles are cubic bixbyite ͑C 2 ͒ which is consistent with the structure of single-crystal Y 2 O 3 ͑Ref. 19͒. Crystalline sizes estimated from the Debye-Scherrer formula were determined to be approximately 50 nm and are consistent with the morphological features observed in the STEM images of the Ho 3+ :Y 2 O 3 nanocrystals, as seen in the inset of Fig. 1 .
The nanocrystals were prepared for optical studies by first mixing the powder of the nanocrystals with epoxy. The mixture was then spread on the surface of a glass microscope slide, cured, and polished for absorption measurements. The concentration of the Ho 3+ in the sample was determined by using Smakula's formula 20 and can be expressed as follows for cases in which the shape of the absorption line is Gaussian:
where N ͑cm −3 ͒ is the concentration of the RE ion, ␣ max ͑cm −1 ͒ is the value of the absorption coefficient at the band maximum, 1/2 ͑eV͒ is the full width at half maximum of the absorption band, n is the crystal refractive index for the wavelength corresponding to the maximum of the absorption band, and f 0 is the oscillator strength. Since the Smakula formula considers electric dipole ͑ED͒ transitions, we used the formula where the magnetic dipole ͑MD͒ contribution was minimal. The ion concentration for the Ho 3+ :Y 2 O 3 in epoxy samples was determined to be 2.11 ϫ 10 20 ions/ cm 3 . Samples of the powder prepared for fluorescence studies were pressed into a thin layer against a quartz glass window.
The room temperature absorption spectra of Ho 3+ :Y 2 O 3 nanocrystals were recorded using an upgraded Cary model 14 R spectrophotometer The room temperature spectrum is given in Fig. 2 , ranging from 400 to 700 nm and consists of seven Ho 3+ ͑4f 10 ͒ absorption bands observed near 420, 442, 452, 471, 487, 539, and 649 nm that involve nine multiplet manifolds 2S+1 L J . The spectrum was taken at 0.1 nm intervals, and the spectral bandwidth was automatically maintained at about 0.05 nm for all measurements below 900 nm. In Fig. 2 , as a reference, we have also shown the absorption spectrum of the epoxy to show the optical transparency of the epoxy in the observed region.
The low temperature ͑ϳ13 K͒ spectra were obtained with the sample mounted on the cold finger of a CTI model 22 closed-cycle helium cryogenic refrigerator. The sample temperature was monitored with a silicon-diode sensor attached to the base of the sample holder and maintained by a Lake Shore temperature control unit.
The room temperature fluorescence spectrum for the sample was taken between 0.520 and 1.6 m by exciting the Ho 3+ :Y 2 O 3 nanocrystals with the 488 nm line from a Spectra Physics argon ion laser ͑model 2025͒. The visible fluorescence spectra were analyzed using an SPEX scanning monochromator ͑model 1250 M͒ equipped with a 1200 grooves/mm grating blazed at 0.5 m, and the signals were detected by a photomultiplier tube. For the NIR fluorescence spectra the monochromator was equipped with a 600 grooves/mm grating blazed at 1.5 m, and signals were detected by a liquid-nitrogen-cooled indium gallium arsenide detector. The spectral resolution was greater than 0.1 nm for all measurements, and the wavelength reproducibility of the monochromator is less than 0.01 nm. The room temperature fluorescence spectra of Ho The line strengths representing manifold-to-manifold ED transitions were determined using the following expression:
where J and JЈ are the total angular momentum quantum numbers of the initial and final states, respectively; n is the refractive index; N 0 is the Ho 3+ ion concentration; is the mean wavelength of the specific emission band; ⌫ = ͐␣͑͒d is the integrated absorption coefficient; and c and h have their usual meaning. The measured line strengths were then used to obtain the JO parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 by solving a set of nine equations for the corresponding transitions between J and JЈ manifolds in the following form:
where the matrix elements ͗ʈU ͑t͒ ʈ͘ are doubly reduced unit tensor operators of rank t calculated in the intermediatecoupling approximation and are independent of the crystal host. The parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 exhibit the influence of the host on the transition probabilities since they contain the crystal-field parameters, interconfigurational radial integrals, and the interaction between the central ion and the intermediate environment. Where two or more absorption manifolds overlapped, the squared matrix element was taken as the sum of the corresponding squared matrix elements. the measured absorption strengths ͑S meas ED ͒ of the forced ED transitions are tabulated in Table I .
The intensities for the experimental and theoretical absorption of the Ho 3+ ͑4f 10 ͒ manifolds listed in Table I were used to determine the intensity parameters, decay rates, branching ratios, and radiative lifetimes. Since the spectroscopic properties of the nanocrystals and the single crystals of Ho 3+ :Y 2 O 3 are similar, we used the index of refraction reported in the literature 22 along with a correction for the change in the index of refraction due to the polymeric host, as described by Meltzer et al. 23 The concentration of Ho 3+ used is described earlier in this study. 
B. MD contribution
Usually within the 4f n configuration, the probability for MD transitions is much smaller than expected for forced ED transitions ͓A MD ͑J → JЈ͒ Ͻ A ED ͑J → JЈ͔͒. However, in certain cases MD transitions can contribute significantly to the total J → JЈ radiative transition probability. In Ho 3+ this is the case for the 5 28 In the RussellSaunders limit the MD transitions are parity allowed between states of the 4f n configuration and are subject to the following selection rules: ⌬ᐉ =0, ⌬S =0, ⌬L = 0, and ͉⌬J͉ Յ 1 ͑but not 0 ↔ 0͒. 29 Line strengths due to the MD contribution were determined using the following expression:
The line strengths of the bands due to the MD contribution can be determined from the corresponding values of oscillator strengths, f calc MD , using the following expression:
Values of f calc MD were obtained from Carnall et al. 30 The MD transition probability A calc MD ͑J → JЈ͒ is calculated using the following equation:
where MD = n 3 . In our analysis, we considered both ED and MD contributions in determining the radiative decay rates, branching ratios, and radiative lifetimes. Consequently, the total probability for radiative decay is given by
and the total radiative lifetime r for an excited state ͑J͒ to a lower-energy state ͑JЈ͒ was obtained from the following expression:
The radiative decay rates for the Ho 3+ transitions in Ho 3+ :Y 2 O 3 nanocrystals are determined by using Eq. ͑7͒; these values are given in Table III . The values of the radiative decay rates given in Table III Table III. The fluorescence branching ratios ␤ ͑J → JЈ͒ are determined from the radiative decay rates by using the following expression: 
The values of the branching ratios for Ho 3+ transitions in Ho 3+ :Y 2 O 3 nanocrystals are given in Table III .
C. Emission cross sections
The room temperature emission cross section of the 4 where is the wavelength at the peak emission, is the wave number, ␤͑J , JЈ͒ is the fluorescence branching ratio for the transition from the upper manifold J to the lower manifold JЈ, J is the radiative lifetime of the excited manifold, and g͑͒ is the line shape function. The line shape function is obtained from the fluorescence spectrum using the following expression:
where I͑͒ is the intensity at . The line shape function for the intermanifold transitions can be determined by dividing the peak intensities I͑͒ by the integrated areas of the respective fluorescence spectrum. The value of g͑͒ obtained from Eq. ͑11͒ along with the values of radiative lifetime, intermanifold branching ratio, , and n were applied to Eq. ͑10͒ to determine the emission cross section for the Ho 
IV. ANALYSIS OF THE CRYSTAL-FIELD SPLITTING
We have reported recently on modeling the crystal-field splitting of Nd 3+ and Er 3+ energy levels in aggregates of nanocrystalline and ceramic ͑polycrystalline͒ Y 2 O 3 .
13, 15, 16 The results conclude that the Stark splitting of individual 2S+1 L J manifolds of each ion is comparable to the spectroscopic properties and levels reported for these ions doped into Y 2 O 3 and grown as large single crystals suitable as a laser host material. [31] [32] [33] [34] The present study has attempted such a modeling approach as well relative to Ho 3+ in nanocrystalline Y 2 O 3 . There is, however, a difference in our success in identifying some spectra of Ho 3+ in Y 2 O 3 due to many Stark levels having nearly the same energy that result in the requirement for high resolution spectroscopic methods beyond the capability of our present instrumentation. Ho 3+ ͑4f 10 ͒ is a non-Kramer ion. When substituted into the low-symmetry C 2 sites of Y 3+ , the 2S+1 L J manifold splits into 2J + 1 energy ͑Stark͒ levels-each Stark level is nondegenerate. In many of the multiplet manifolds, several of these levels are found clustered together which represents a near accidental degeneracy. For example, in the ground-state manifold 5 I 8 ͑consisting of 17 singlet Stark levels͒ the four lowest-energy Stark levels are Z 1 =0, Z 2 =2, Z 3 = 10, and Z 4 = 11. Z 4 is followed by Z 5 = 214 cm −1 ͑Ref. 31͒. At 13 K ͑the lowest nominal temperature we can obtain͒ we are not able to resolve transitions from Z 1 , Z 2 and from Z 3 , Z 4 to Stark levels in excited manifolds. The absorption spectra of select manifolds are shown in Fig. 7 In some cases there are groups of nearly degenerate Stark levels found in manifolds, therefore making it difficult to identify all 2J + 1 Stark levels in that manifold. For this reason, we have limited our crystal-field splitting analysis to those excited manifolds in which the splitting is large enough to identify individual transitions with the aid of deconvolution methods.
In Table IV we report the absorption spectrum of the 5 F 5 ͑ϳ640 nm͒ and the 5 F 3 ͑ϳ483 nm͒ manifolds obtained at a nominal temperature of 13 K. ͑To separate transitions from Z 1 , Z 2 to excited Stark levels D n and F n from transitions from Z 3 , Z 4 to the same excited Stark levels D n and F n , it is necessary to deconvolute the spectrum, as shown in Fig. 8 and concentration effects ͑where the energy upconversion and cross relaxation mechanisms can become increasingly important͒.
In conclusion, detailed spectroscopic analysis of the nanocrystals indicates that the material has optical properties similar to those reported for single crystals. Therefore, these nanocrystals have potential for various novel photonic applications. Furthermore, the nanocrystals can be easily attached to different surfaces by either chemical or physical methods, suggesting that they will have potential for numerous technological applications; biosensors are among these applications due to the long lifetimes and photostability of these RE ions in the presence of polymeric environments. 16, 37 Comparing the predicted radiative lifetime ͑ϳ13 ms͒ for the Ho 3+ 5 I 7 → 5 I 8 transition in Ho 3+ :Y 2 O 3 nanocrystals to that in other oxide hosts, such as well-known Ho 3+ : YAG ͑ ϳ10 ms͒, suggests that this nanocrystalline material has the potential as an activator ion in the NIR region. 
